Abstract The adsorption of lead (II) ions on three Algerian montmorillonites (sodium, non-sodium, and acidic-activated) was studied. Transmission electron microscopy coupled with energy dispersive X-ray analysis, X-ray fluorescence and physical adsorption of gases were used to characterize the clays. This characterization has shown than the activation with acid increases the surface area as a consequence of the rupture of the laminar structure. The effect of the pH in the lead adsorption capacity was analyzed. The results show that adsorption is strongly depended on the pH. At low pH values, the mechanism that governs the adsorption behavior of clays is the competition of the metal ions with protons. Between pH 2 and 6, the main mechanism is an ion exchange process. The kinetics of the adsorption is tested with respect to pseudo-first-order and second-order models. The adsorption process, gives a better fit with the Langmuir isotherm, being the monolayer capacity ranging between 18.2 and 24.4 mg g -1 . The adsorption of lead decreased in the order Acidic-
Introduction
As a result of their numerous uses, lead can pollute water and soils, producing a serious environmental problem. Several methods have been developed for the removal of these metal ions present in industrial wastewaters and soils, such as chemical precipitations, conventional coagulation, reverse osmosis, ion exchange, and adsorption on activated carbon [1] . Among these methods, adsorption appears to be the most widely used for the removal of heavy metals [2] [3] [4] . Clay minerals are non-pollutant and have a significant adsorption capacity so they can have a privileged role in the treatment of water [5, 6] . Pillaring and acid activation processes are used in order to improve clay properties [7] [8] [9] [10] [11] [12] . On one hand, pillaring confers to the mineral a high thermal stability, a developed microporous surface and a great acidity [13] . On the other hand, acid activation [14] increases the number of active sites, the specific surface area, acidity, and porosity. These changes depend on several factors such as the pillaring agent, the nature of the acid, the nature of clay, duration of the treatment and the temperature.
The use of various clay adsorbents such as kaolinites [15] [16] [17] [18] , illites [19] , bentonites [20, 21] , montmorillonites [15, 18, 22] , zeolites [23, 24] , and sepiolites [25, 26] have been reported for the removal of heavy metal ions from aqueous solutions. The chemical composition and pore structure of the clays usually determine their adsorption ability [27] .
The chemical nature of the metal clay interaction changes with increasing pH: at low pH, cation exchange is the dominating process [28, 29] , whereas at high pH values, the uptake of heavy metal ions is accompanied by a release of hydrogen ions, and seems to be more specific than the uptake at low pH values. Thus, the classical ion exchange model does not cover the whole range of adsorption phenomena and part of heavy metal adsorption occurs at sites created by displacement of protons from surface hydroxyls (i.e., surface complexation) [30] .
The aim of this study is to investigate the adsorption capacity of two Algerian natural montmorillonites and an acid modified montmorillonite for the removal of Pb(II) cations from aqueous solution. The effects of different variables have been analyzed. The Langmuir and Freundlich isotherm models have been used to describe equilibrium data and a kinetic study has also been performed.
Experimental section

Reagents
Lead(II)-containing solutions with concentration of the heavy metal ion ranging from 1 to 2,500 mg L -1 were prepared from analytical grade Pb(NO 3 ) 2 (Merk) dissolved in double-distilled water in a 0.01 M NaCl solution. The pH was adjusted to the required value by adding 0.1 M NaOH or 0.1 M HNO 3 solution, respectively, to each solution.
Clay adsorbents
Two clays were obtained from Algeria ''a non-sodium montmorillonite from Mostaganem (M 1 ) and a sodium montmorillonite from Telemecem (M 2 )''. The clay samples were washed with distilled water to remove impurities; the raw-montmorillonites (20 g) were crushed for 20 min using a Prolabo ceramic balls grinder. They were then dried at 423 K for 2 h and stored in tightly stoppered glass bottles for later use (samples M 1 and M 2 ). The M 2 sample was activated in acid (acidic-M 2 ) by the procedure of Belbachir et al. [31] . In brief, this procedure consists on refluxing 20 g of montmorillonite (M 2 ) in 200 mL of 0.25 M H 2 SO 4 for 3 h. The resulting acidic-activated clay was centrifuged and washed with water several times until it was free of SO 4 2-and the pH of the washing was 6.8. Finally the sample was dried at 378 K in air until constant mass. This acid activation also removes sodium from its composition. The chemical composition of the three different clays is included in Table 1 .
Characterization of the clay adsorbent
The porous texture of all samples was determined by physical adsorption of gases (N 2 at 77 K and CO 2 at X-ray fluorescence spectroscopy of the powder samples was made using a Philips PW1480 equipment with a UNIQUANT II software to determine element concentration in a semi quantitative way.
Lead adsorption studies
The clay samples were dried at 80°C under vacuum for 24 h before adsorption. Then, 0.5 g of adsorbent was put in contact with 50 mL of an aqueous solution of Pb(NO 3 ) 2 with metal concentration ranging from 1 to 2,500 mg L -1 at 25°C and for 24 h. Each adsorption experiment was done two times. The pH of the Pb(II) initial solution ranged from 2 to 6.0, avoiding the pH for precipitation of Pb(II) in aqueous solutions (pH [ 6.5) . The concentration of Pb(II) in the solution was determined by atomic absorption spectroscopy coupled with plasma inductive (ICP) (PerkinElmer 7300-DV)). The Pb(II) concentration was also determined at different times in order to follow the kinetics of the process. The amount of adsorbed Pb(II) was calculated by difference between the initial concentration and that after a time t, according to the following equation:
where q t (mg g -1 ) is the amount of metal ion adsorbed on the adsorbent at time t, c 0 is the initial metal ion concentration (mg L -1 ), c t is the concentration of metal ion in solution at time t (mg L -1 ), V is the volume of metal ion solution used (mL), and M is the mass of the adsorbent used (g).
Langmuir and Freundlich isotherms were used to analyze the experimental results. The Langmuir model assumes that uptake of metal cations occurs on a homogeneous surface by monolayer adsorption without any interaction between adsorbed cations. The model results in the following equation:
where q e is the amount adsorbed (mg g -1 ), c e is the equilibrium concentration of the adsorbate (mg L -1 ), and q m (mg g -1
) and K l (L mg -1 ) are Langmuir constants being q m the maximum adsorption capacity of adsorbent in a monolayer and K l is related to the free energy of adsorption [35] .
The Freundlich isotherm is an empirical equation based on adsorption on a heterogeneous surface. The equation is commonly represented by:
where q e is the amount adsorbed (mg g -1 ), c e is the equilibrium concentration of the adsorbate (mg L -1 ) and
and n are the Freundlich constants characteristics of the system, corresponding to the adsorption capacity and the strength of adsorption, respectively.
In order to determine the adsorption kinetics of Pb(II) ions, first-order and second-order kinetics models were checked. The first-order rate expression [36] is expressed as follows:
where q e and q t are the amounts of metal ions adsorbed onto the montmorillonite (mg g -1 ), respectively, at equilibrium and at time t and k 1 is the first-order rate constant (min -1 ). After integration from t = 0 to t and from q t = 0 to q e , it becomes the Lagergren's rate equation:
In most cases, the first-order equation of Lagergren does not apply well throughout the whole range of contact times and is generally applicable over the initial 20-30 min of the adsorption process.
A pseudo-second-order rate law expression was also used; the kinetic rate equation is expressed as [37] :
where k 2 is the second-order rate constant (g mg -1 min -1 ). At boundary conditions from t = 0 to t and from q t = 0 to q e , the rate law becomes
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Adsorption thermodynamics
The thermodynamic parameters of the adsorption, i.e. the standard enthalpy DH, Gibbs free energy DG, and entropy DS were calculated using the following equations:
where R is the ideal gas constant (kJ mol 
Results and discussion
Characterization of the adsorbents Figure 1 shows the nitrogen adsorption/desorption isotherms at 77 K for natural and acidic activated samples. According to IUPAC classification, the shape of these isotherms is similar to Type II. The three isotherms are reversible at low relative equilibrium pressures, but at higher relative pressures they exhibit a hysteresis loop of the H3 type [38] . The shape of the isotherms indicates that the samples are mainly mesoporous solids but also contain some micropores. Such hysteresis loop appears in porous materials with slit-shaped pores or pores with narrow necks and wide bodies and, then, they can be associated with capillary condensation of liquid nitrogen in mesopores. The hysteresis phenomenon becomes more prominent after acid activation because the amount of mesopores increases by the structural deformation and reflects a change from the laminar structure of the raw clay to a delaminated structure [39] . Figure 2 contains the TEM images of the M 1 (Fig. 2a) and M 2 (Fig. 2b) samples, which show a laminar structure. In the case of M 1 clay it is possible to determine the separation between layers being around 3.6 Å . However, it can be clearly observed differences in the morphology of both samples with respect to that observed for acidic-M 2 clay (Fig. 2c) that shows a mainly exfoliated morphology in agreement with the nitrogen isotherms. The specific surface area of the samples was obtained from the BET method by using the adsorption data. Table 2 (Table 1 ) [40] . Figure 3 shows the thermogravimetric analysis (TG) of the clays. The TG experiments contain the typical features for montmorillonites, that is, two main processes at around 85 and 550°C. The first one corresponds to the evolution of weakly bonded water molecules with a loss between 20 and 30% by mass, due to the evolution of interlayer water. The second one can be associated to dehydroxylation of the octahedral sheet [41] . Above 650°C the clays are completely calcined.
Lead cations adsorption Figure 4 shows the adsorption isotherms obtained for the three samples at 25°C. It can be observed that the shapes of the isotherms are similar for the three montmorillonites. The maximum adsorption capacity decreases in the order acidic-
shows the maximum adsorption capacity in agreement with the increase in the BET surface area values.
The adsorption isotherms were adjusted mathematically to the Langmuir and Freundlich models and the characteristic parameters of these isotherms and the values of R 2 , which represents goodness-of-fit of experimental data to the models, are listed in Table 3 . The value of n in the Freundlich model which is in the range 1-10 indicates favorable adsorption [42] . The best fit to the experimental data is provided by the Langmuir isotherm. The maximum adsorption capacities in the monolayer obtained from the Langmuir isotherm increase from 18.2 (M 2 ) to 24.4 mg g -1 (acidic-M 2 ). The Freundlich isotherm provides a fair fit to the data. The value of the constant, K f , has been also calculated being between 3.40 and 5.44 (mg 1-1/n L 1/n g -1 ); however, in this case the coefficient of regression is lower than in the case of Langmuir isotherm. After lead adsorption, the three montmorillonite clays were dried at 105°C overnight and their composition was measured by X-ray fluorescence (see data in Table 1 ). It can be observed that the amount of lead adsorbed follows the same tendency to that obtained in the adsorption studies: acidic-M 2 [ M 1 [ M 2 . However, in the acidic-M 2 sample, which does not contain initially sodium because it has been replaced by protons, a substitution of potassium is also produced. Then, it can be concluded that lead ions are replacing the proton sites.
Effect of pH
The pH of the aqueous solution is an important controlling parameter in the adsorption process [43] . Thus, the effect of pH of the solution ranging from 2 to 8 was examined. Figure 5 contains the amount of Pb(II) adsorbed in the three adsorbents at different pH values, obtained from an adsorption experiment with an initial concentration of Pb(II) of 2500 mg L -1 . The lead cation adsorption increases as the pH value increases from 2 to 6 reaching a maximum. At lower pH values, the active sites of the montmorillonite are positively charged leading to an increase in the competition between protons and lead cations for the exchangeable sites in the adsorbent. As pH increases, this competition decreases and the sites of the montmorillonite become more negatively charged, what favors the adsorption of Pb(II) cations through electrostatic attraction [44] . At pH higher than six, precipitation of insoluble metal hydroxides takes place restricting the true adsorption process. Then, Pb(II) adsorption is maximum at pH 6, a value which agrees with the results obtained by other authors [45] [46] [47] . This change in montmorillonite adsorption behavior with pH suggests that its immobilization effect could be less effective at low pH. Hence, the addition of a higher amount of montmorillonite or a combination with lime would be required for lead(II) remediation at low pHs.
Adsorption kinetics
The kinetics of the lead adsorption on the three samples used in this study was examined. This study can be helpful to understand the mechanism and to design a suitable adsorbent for metal removal in water. In this study, batch adsorption kinetics were studied in terms of pseudo-firstorder and pseudo-second-order kinetics. Figure 6 shows the amount of Pb(II) adsorbed (q e ) with time for an initial concentration of Pb(II) of 2500 mg L -1 . Table 4 includes the relevant kinetic parameters, together with the correlation factor R 2 for different lead concentrations, obtained after applying the two models commented in the experimental section (first-order and second-order kinetics) to the experimental data. It can be observed that the second-order model fits better the experimental data in the whole range of Pb(II) concentrations used (from 1 to 2500 mg L -1 ) obtaining a correlation coefficient higher than 0.997 in all the cases. It can also be observed a good agreement between the experimental and the calculated q e values.
This second-order model is based on the assumption that the rate limiting step may be a chemical adsorption involving valence forces through sharing or exchange of electrons between adsorbent and adsorbate [25] .
Thermodynamic studies
The results of thermodynamic calculations are shown in Table 5 . The negative value for the Gibbs free energy for Pb(II) adsorption shows that the adsorption process is spontaneous and that the degree of spontaneity of the reaction increases with increasing temperature. The overall adsorption process seems to be endothermic (DH M1 = 47.75, DH M2 = 56.25, and DH Acidic-M2 = 58.40 kJ mol ). Although not very high, these values of DH can be interpreted on the basis of considerably strong interaction between lead ions and montmorillonites surface.
This result also supports the suggestion that the adsorption capacity of all montmorillonites used for Pb(II) increases with increasing temperature. One possible explanation of Table 3 Freundlich and Langmuir coefficients obtained from the adsorption isotherms of Pb(II) on the montmorillonite samples at 298 K
Adsorbents
Freundlich coefficients Langmuir coefficients positive DH is that the Pb ions are well-solvated. In order for the Pb ions to be adsorbed, they have to lose part of their hydration sheath. This dehydration process of the ions requires energy. This energy of dehydration supersedes the exothermicity of the ions getting attached to the surface. We can say that the removal of water from the ions is essentially an endothermic process and it appears that endothermicity of desolvation process exceeds that of the heat of adsorption to a considerable extent. The values of free energy change DG are negative as expected for a spontaneous adsorption process [48] . Table 5 also shows that the DS value was positive. This occurs as a result of redistribution of energy between the adsorbate and the adsorbent. Before adsorption occurs, the heavy metal ions near the surface of the adsorbent will be more ordered than in the subsequent adsorbed state and the ratio of free heavy metal ions to ions interacting with the adsorbent will be higher than in the adsorbed state. As a result, the distribution of rotational and translational energy among a small number of molecules will increase with increasing adsorption by producing a positive value of DS and randomness will increase at the solid-solution interface during the process of adsorption. Adsorption is thus likely to occur spontaneously at normal and high temperatures because DH [ 0 and DS [ 0.
Conclusions
This study demonstrates that the two Algerian montmorillonites studied (sodium, M 2 , and no-sodium, M 1 ) are effective adsorbents for Pb(II) removal from aqueous solutions. The results obtained show that the adsorption of lead on acidic-activated montmorillonite (acidic-M 2 ) is higher than on the other two montmorillonites. Moreover, both adsorption capacity and adsorption rate are strongly dependent on the pH of solution.
Adsorption equilibrium can be modeled by Langmuir isotherms. The adsorption capacities were 21.6, 18.2, and 24.4 mg g -1 for M 1 , M 2 , and acidic-M 2 , respectively, according to the Langmuir model. The kinetics of adsorption can be described by a model of a pseudosecond-order because of the strong correlation of the experimental results obtained.
It can be concluded that the use of montmorillonite as an adsorbent may be an alternative to more costly materials such as activated carbon for the treatment of liquid wastes containing metal ions.
The thermodynamic parameters such as DH, DS, and DG were computed from the experimental data. These values are more consistent of a physical sorption process. The low values of enthalpy validate well the assumption of a physical adsorption. In the case of montmorillonites used, the positive value of DS indicates the increasing randomness of the system. 
